. Cell Lineages of Lateral Hypodermoblast (A and B) L1-and L2-stage lineages of lateral hypodermoblasts in wild type (after Horvitz, 1977) and cul-1(e1756) . Cell fates include hypodermal syncytium (H), seam (S), neuron/neuroglia (N), and apoptosis (X); individual neurons and neuroglia are named where known (Sulston and White, 1988) . (C and D) L2-stage lineages of V5p and Tap from additional cul-1 larvae. (E) L1-stage lineage of V5 in lin-14(ma135) and lin-14 cul-1 double mutant. In lin-14, V5 adopts the "V5p" fate observed in wild type (Ambros, 1989) . The duration of each larval stage was measured for cul-1 homozygotes and control heterozygotes cultured at 20Њ (see Experimental Procedures). In heterozygotes (n ϭ 30), the observed means and SDs-16.3 Ϯ 0.9 (L1), 9.0 Ϯ 0.8 (L2), 8.6 Ϯ 0.6 (L3), and 10.9 Ϯ 0.7 (L4) hr-are comparable to reported wildtype values (Sulston and Horvitz, 1977) . In mutant homozygotes (n ϭ 10), the first three stages average 18.2 Ϯ 2.6 (L1), 20.4 Ϯ 11 (L2), and 22.8 Ϯ 10 (L3) hr. These mutants generally arrest development in L3 or L4 lethargus. In this sample, only 3/10 larvae reached the L4 stage, and none reached the adult.
1977; Sulston et al., 1983) . We examined the developproducing abnormally small cells. Quiescent cells are not affected until tissue-and stage-specific mitogenic ment of cul-1 embryos and larvae by differential interference contrast (DIC) microscopy (see Experimental Prosignals cause reentry into the cell cycle. Postmitotic cells generated during embryogenesis never divide cedures). These observations, detailed below, support three generalizations. First, zygotic cul-1(ϩ) activity is again, while the postembryonic blast cells never divide ahead of schedule. Third, cul-1(ϩ) is not required for not required before late L1. In particular, the number and arrangement of cells in the newly hatched larva are various aspects of cell commitment and differentiation. Each tissue-specific blast cell generates descendants completely normal. Moreover, cell divisions and fates of blast cells during early L1 appear normal. Second, of appropriate cell types. Ectoderm beginning around L1 lethargus, zygotic cul-1(ϩ) activity is required for growth regulation of all dividing cells.
The lateral hypodermoblasts (seam cells) function as stem cells for growth of the hypodermis and generate Once divisions commence, they continue excessively, a small number of peripheral neurons and neuroglia (Fig- appropriate times and positions, generating differentiated neurons and neuroglia (Figure 2 , top). Using a formure 1A). In cul-1, these cell lineages are normal through the L1 stage. In particular, the cleavage-like divisions aldehyde-induced fluorescence technique for dopaminergic neurons (Sulston et al., 1975) , we examined the of neuroblasts Q and Tp conclude with normal mitotic arrests of all descendants ( Figure 1B) . The hypoderdescendants of neuroblasts V5pa. In wild type, this neuroblast generates a single dopaminergic neuron (PDE) moblasts reenter the mitotic cycle on schedule in late L1. Few if any of their descendants, however, undergo that projects into the ventral nerve cord. In cul-1 larvae, this neuroblast generates zero, one, or rarely two dopatheir normal developmentally programmed mitotic arrest. Instead they undergo from one to three additional minergic neurons that resemble PDE in their axon projections (data not shown). divisions, producing cells noticeably smaller than their normal counterparts. There is significant variation beThe ventral hypodermoblasts, which generate motorneurons and vulval precursors, appear normal in cul-1 tween hypodermoblasts, even within a single mutant larva, in the precise number and timing of these extra during L1. The vulval precursors reenter the mitotic cycle on schedule in L3, but then divide excessively. Based divisions ( Figures 1B-1D ).
To compare cell cycle lengths, we measured the interon direct counts in L4 hermaphrodites, cul-1 larvae have 82 Ϯ 16 vulval nuclei (n ϭ 20) on average, compared vals from the V6p metaphase to the V6pa and V6pp metaphases, i.e., the last cell divisions in the wild-type with just 22 in wild type. Vulval morphogenesis, including invagination and attachment to the uterus, appears es-L2 program. The means and standard deviations (SDs), 136 Ϯ 21 min (n ϭ 8) in cul-1 homozygotes versus 144 Ϯ sentially normal (Figure 2 , middle). Virtually all apoptosis in the somatic tissues is devel-21 min (n ϭ 42) in control heterozygotes, were indistinguishable. To compare cell sizes, we measured the relaopmentally programmed, i.e., cell deaths occur at invariant positions and times, typically before any overt cellutive cell volumes of V5pa descendents in L3 larvae (see Experimental Procedures). In wild type, the means and lar differentiation (Sulston and Horvitz, 1977; Sulston et al., 1980 Sulston et al., , 1983 . In hermaphrodites, 16 programmed cell SDs for the identified cells PVD, PDE, PDEsh, and PDEso were 428 Ϯ 125 (n ϭ 16), 186 Ϯ 44, 128 Ϯ 34, and deaths occur during L1 and two more (the presumptive neurons V5.paapp) during L2. In cul-1 larvae, the pattern 100 Ϯ 24, respectively. In cul-1, all V5pa descendents, pooled together, averaged only 80 Ϯ 31 (n ϭ 51).
of apoptosis is normal through L1. Thereafter, cell deaths occur sporadically in all proliferating lineages, Despite the extra cell divisions, various aspects of cell determination and differentiation occur normally.
presumably triggered by errors in cell division or size, rather than residual developmental signals. Occasional The stem cell character of the lateral hypodermoblasts is maintained, i.e., anterior daughters generally join the cells descending from neuroblast V5pa, for example, undergo apoptosis ( Figures 1B and 1C ), but V5.paapp hyp7 syncytium while posterior daughters remain hypodermoblasts. Similarly, committed neuroblasts arise at itself has never been observed to die. Apoptosis can also occur in lineages without programmed cell deaths, noticeably smaller in cul-1 larvae (Figure 2 , bottom). We measured the internuclear spacing between neighe.g., hypodermoblast V3 ( Figure 1B) . Finally, following a division, both daughter cells may undergo apoptosis boring germ cells in L3 and L4 larvae. Assuming similar cell shapes, the relative cell volumes (mean Ϯ SEM) ( Figure 1D products can suffice until then. To distinguish these Based on cell position, the supernumerary cells likely possibilities, we used a lin-14 mutant that bypasses L1-arise from continued division of the presumptive coespecific somatic programs, expressing L2-specific and lomocyte. Similarly, we observed 1 (12/32), 2 (12/32), later programs exactly one stage early (Ambros, 1989). or 3 (8/32) ventral sex myoblasts adjacent the gonad As expected, somatic blasts express L2-specific proprimordium compared with 1 cell in wild type. The sex grams precociously in lin-14 cul-1 double mutants (Figmyoblasts reenter the mitotic cycle in L3, but then divide ure 1E). Now expressed earlier, these lineages are no excessively. Their descendants become more-or-less longer hyperplastic, suggesting that maternal cul-1(ϩ) well-differentiated sex muscles and can contract in the activity accounts for normal cell cycle regulation through presence of the cholinergic agonist levamisole at 1 mM. the L1 stage. We used an integrated ceh-24::gfp transgene to identify
To learn whether cul-1(ϩ) activity is required during differentiated vulval muscles (B. Harfe and A. Fire, perembryogenesis, we examined embryos arising from presonal communication). At the L4 lethargus, we observed sumptive germline mosaics (see Experimental Procefrom 13 to 74 vulval muscles, with a mean and SD of dures), that lack both maternal and zygotic gene prod-31 Ϯ 14 (n ϭ 39), in cul-1 versus 8 cells in wild type.
ucts. Nearly 10% of all adult hermaphrodites in Finally, many of the individuals without a dorsal coerhEx1::cul-1(ϩ); unc-69 cul-1 strains produce exclulomocyte generated presumptive sex muscles along the sively inviable eggs. These exceptional adults have dorsal body wall.
apparently lost the extrachromosomal array rhEx1, conEndoderm taining cul-1(ϩ), from a germline precursor. We examDuring the L1 lethargus, most intestinal cells undergo ined eggs isolated from these presumptive mosaics. nuclear division followed by endoreduplication (Sulston Although early blastulae appear normal, these embryos and Horvitz, 1977; Hedgecock and White, 1985) . These eventually arrest with excess cells and little overt mornuclei undergo a further endoreduplication at each subphogenesis. Using DNA-stained squashes, we have sequent molt. As a result, intestinal cells typically have counted over 950 nuclei in such embryos, compared two nuclei of 32C each in the adult. In cul-1, the nuclear with a theoretical maximum of 671 in wild type (including division at L1 lethargus appears normal. We have not cell deaths). We conclude that cul-1(ϩ) activity is reexamined these cells for endoreduplications.
quired for cell cycle regulation during embryogenesis, Germline but once again, maternal products can suffice. Germline cells divide continuously throughout the postembryonic period (Kimble and Hirsh, 1979) . In cul-1 muMolecular Cloning and Sequence Analysis of cul-1 tants, the maturation of the germline, including meiosis, cul-1 maps about 0.2 cM to the right of unc-69 on chrooccurs, producing phenotypically normal spermatozoa. The mitotic germ cells and their nuclei are, however, mosome III (Figure 3 ). Cosmid clones from this region, Laskey, 1991). Both cul-1 mutations were located by chemical cleavage of mismatched bases (Cotton et al., 1988) . Allele e1756 has a CG-to-TA transition converting codon Q271 from CAA to the ochre terminator TAA (Figure 4) . Allele rh173 has a CG-to-TA transition converting codon Q622 from CAG to the amber terminator TAG.
Temporal Expression Pattern of cul-1 mRNA
We measured the relative concentration of cul-1 mRNA in samples of total RNA from embryos and later developmental stages ( Figure 5A ). The level was highest in (asynchronous) embryos, decreasing about 7-fold in L1 stage larvae and then rising slowly through later developmental stages. To compare cul-1 expression in germline and somatic tissues, we analyzed samples of mRNA from wild-type, fem-1, and glp-4 adults ( Figure 5B ). glp-4 forms virtually no germ cells at nonpermissive temperatures, while fem-1 forms germ cells and oocytes, but not sperm or (self-) fertilized eggs (Kimble et al., 1984; Beanan and Strome, 1992) . cul-1 mRNA is about 3-fold higher in fem-1 adults than glp-4, indicating that a majority of all cul-1 mRNA in the adult is present in germline cells of some stage. This mRNA is several-fold higher yet in gravid, wild-type hermaphrodites than fem-1 adults. cul-1 expression in early embryos, present within (Seydoux and Fire, 1994) . spliced leader. Cosmid F45E12, containing the cul-4 1991), were assayed by germline microinjection for abilgene, has been sequenced by the genome consortium ity to complement cul-1(e1756). Cosmids W04F9 and (Wilson et al., 1994) . There are 12 introns in the cul-4 W01G9 can each rescue cul-1 homozygotes, indicating gene, none of which coincide with introns in the cul-1 that cul-1(ϩ) lies within their overlap. Using W01G9 subgene (data not shown). The temporal expression patclones, cul-1(ϩ) activity was localized to a 7.8 kb fragterns of cul-2, cul-3, and cul-4 mRNAs are similar to ment contained in plasmid W⌬H24. Two further subcul-1, i.e., all four mRNAs are present at their highest clones, obtained by cleaving this active fragment at the levels in embryos and at lower levels in larvae and adults BamHI site near its middle, were each inactive, indicat-( Figure 5A ). Recently, the genomic sequence of a fifth C. ing that cul-1(ϩ) spans this restriction site.
elegans cullin gene, cul-5, has been reported on cosmid The 7.8 kb cul-1(ϩ) genomic fragment was used as a ZK856. hybridization probe to isolate cDNA clones. A 2.7 kb All five C. elegans proteins have similar length, i.e., cDNA clone spanning the BamHI site of plasmid W⌬H24 780 amino acids (CUL-1), 743 aa (CUL-2), 780 aa (CUL-3), was then sequenced. The first 11 bases of the predicted 803 aa (CUL-4), and 765 aa (CUL-5) (Figure 6 , top). In cul-1 mRNA match the SL1 trans-spliced leader (Krause pairwise comparisons, these proteins have 24%-28% and Hirsh, 1987), indicating that this clone is full length overall sequence identity with CUL-1. Sequence similar- (Figure 4 ). Used as a hybridization probe for Northern ity extends across all protein domains, but is greatest analysis, this cDNA detects a single transcript of about at the C-terminus. In particular, these proteins have 2.7 kb in wild-type RNA samples ( Figure 5A ). Cosmid 38%-57% sequence identity with the terminal CUL-1 D2045, which spans the cul-1(ϩ) region, has recently residues 717-780 encoded by exons 5 and 6; and 23% been sequenced by the genome consortium (Wilson et (15/64 ) of these C-terminal residues are invariant in all al., 1994). As predicted, this cosmid contains a gene for five proteins. Strikingly, these proteins terminate with the cul-1 mRNA, comprising six exons (Figure 3) . the tyrosine-rich motif Y-X2-R-X6-7-Y/F-X-Y-X-A/S. We The cul-1 mRNA potentially encodes a protein of 780 have named this novel protein family the cullins. amino acids, designated CUL-1 (Figure 4) . Because it A search of human EST databases revealed six cullin has no hydrophobic sequences that might form a signal genes, designated Hs-cul-1, Hs-cul-2, Hs-cul-3, Hs-culpeptide or membrane-spanning helix, CUL-1 is presum-4A, , whose mRNAs were repreably cytosolic. It has a potential bipartite nuclear tarsented at last count by 31, 9, 22, 14, 17, and 1 independent isolates, respectively. The single isolate of Hs-cul-5 geting sequence at residues 711-728 (Dingwall and The SL1 trans-spliced leader at the 5Ј end is underlined (Krause and Hirsh, 1987) . Exon junctions are marked by triangles. The predicted amino acid sequence of CUL-1 is shown below the nucleotide sequence. Residues 711-728, a potential bipartite nuclear targeting signal (Dingwall and Laskey, 1991) , are boxed. Alleles e1756 and rh173 have CGto-AT transitions at nucleotides 823 and 1876, respectively, that create terminators at codons Q271 and Q622 (circled).
mRNA appears in a colon cancer library. The other cullins are expressed in a wide variety of tissues and developmental stages (data not shown); their incidence in various EST libraries is consistent with the hypothesis that these five genes have similar tissue distributions, albeit somewhat different absolute concentrations. Cullin expression appears elevated in certain proliferating tissues, notably testis. Collectively, cullin mRNAs represent 0.12% (30/24,246) of the clones in the testis cDNA libraries compared with only 0.01% (8/76,929) in the adult brain and spinal cord.
The longest available human cDNAs encoded C-terminal protein fragments of 752 amino acids (Hs-CUL-1), 651 aa (Hs-CUL-2), 577 aa (Hs-CUL-3), 421 aa (Hs-CUL-4A), 150 aa (Hs-CUL-4B), and 163 aa (Hs-CUL-5). Hs-CUL-1 appears full length, but we lack some 5Ј coding sequence from the other human mRNAs (Figure 6, top) . Hs-CUL-5 is evidently a human ortholog of rabbit VACM-1 (Burnatowska-Hledin et al., 1995); their C-termini are 96% identical (157/163 aa) (data not shown).
We examined the evolution of animal cullins by similar- ous phylogeny obtained from the program PAUP using default settings for the branch and bound method (Swofford, 1993 ).
The entire Saccharomyces cerevisiae genome has cul-1 Negatively Regulates the Cell Cycle been sequenced by the Genome Project and contains a majority of all cul-1 mRNA is present in germline cells of some stage of maturation ( Figure 5B ). cul-1 mRNA three cullin genes, Sc-cullin A, Sc-cullin B, and Sc-cullin C, located on chromosomes IV (bps. 224,304-226,751), was not detected in early embryos by in situ hybridization (Seydoux and Fire, 1994) , suggesting either that VII (bps. 500,127-502,361), and X (bps. 351,804-349,276), respectively. Cullin A is most similar to CUL-1 cul-1 mRNA was below the threshold for detection, or that cul-1 mRNA was degraded during meiosis or oogen-(30% protein identity) while Cullin B is most similar to CUL-3 (25% identity) (Figure 6 ). Cullin C, an outlying esis. cul-1 maternal actions may therefore be mediated through translated protein stored in the oocyte. Somatic member of the family, has only 15%-18% identity to the other known cullins (data not shown). Thus far, only blastomeres begin accumulating new cul-1 mRNA in the 15-cell blastula (Seydoux and Fire, 1994) . These zygotic one cullin, SPAC24H6.03, has been sequenced by the Schizosaccharomyces pombe Genome Project; this transcripts persist through the 60-cell stage, disappearing completely during gastrulation. No further cul-1 protein is most similar to CUL-3 (34% identity). Finally, a search of other databases revealed cullins in additional transcription was observed before hatching. From the larval phenotype, CUL-1 is required for species, including plants.
growth regulation in all tissues from the L2 stage onward. Two experiments suggest CUL-1 is required durDiscussion ing embryonic and L1 development as well. First, exceptional hermaphrodites arising in transgenic strains, CUL-1 Is Required for Cell Cycle Exit believed to be cul-1 germline mosaics, produce entirely cul-1 is required for negative regulation of the cell cycle. mutant embryos. Apparently lacking both maternal and Quiescent cells are unaffected in cul-1 mutants, i.e., zygotic CUL-1, these embryos appear completely northere are neither unscheduled nor premature cell divimal through early cleavages, but arrest with excess cells sions. After entering the mitotic cycle, however, cells and little overt morphogenesis. By inference, CUL-1 is cannot exit normally. Affected blasts divide excessively, required for cell cycle regulation during embryogenesis, producing small cells. cul-1 is not essential for cell cycle but maternal protein is normally sufficient. Second, L2-progression per se, nor various aspects of cell fate despecific neuroblasts undergo excess cell divisions in termination and differentiation. For example, neuroblast cul-1 larvae, while these same cells have normal linV5pa normally produces neurons and neuroglia, while eages when generated precociously in the first larval its sister, hypodermoblast V5pp, produces hypodermal stage in a lin-14 double mutant. CUL-1 is presumably stem cells and general hypodermis (Figure 1 ). Despite required for growth regulation of these neuroblasts irretheir extra divisions, these blasts preserve the same spective of larval stage. If so, sufficient maternal CUL-1 general patterning of fates in cul-1 mutants, producing perdures through the L1 stage to meet this requirement, similar, differentiated cell-types. Similarly, sex mybut not through the L2 stage. oblasts produce contractile muscle cells expressing Zygotic CUL-1 is made first in the blastula, but under ceh-24, a late stage marker for vulval muscle differentiastandard culture conditions, this source is not required tion (B. Harfe and A. Fire, personal communication). In until the L2 larval stage, as maternal product is sufficient summary, cul-1 appears unimportant for transitions for embryogenesis and the L1 stage. CUL-1 is evidently from quiescence to mitotic proliferation (G0-to-G1 trana stable protein with long perdurance. The long lag times sitions), but is required for developmentally programbetween gene expression and protein action suggest med cell cycle exit (G1-to-G0 transitions). cul-1 may that CUL-1 is not a rate-limiting factor for cell cycle also be necessary for developmentally programmed cell control in wild type. Instead, CUL-1 is apparently made death but not apoptotic responses to errors of cell diviin excess at several different stages of development, sion. Finally, most aspects of cell determination and allowing for gradual dilution and turnover. Hence, cell differentiation appear unaffected in these mutants.
cycle and developmental regulation of cul-1(ϩ) activity, The two existing cul-1 mutations appear to be null if they occur, likely entail CUL-1 phosphorylation or other alleles-i.e., causing a complete loss of gene funcreversible modification of the protein. tion-by several criteria. First, these nonsense mutations truncate 20% (rh173) or 65% (e1756) of the protein, including the most conserved regions. Second, both
Cell Size Regulation Is Affected in cul-1 Mutants alleles are fully recessive to cul-1(ϩ) and have indistinYeasts maintain a fairly constant cell size under a range guishable phenotypes. Third, cul-1 heterozygotes over of growth conditions. This has been attributed to a a deficiency are indistinguishable from homozygotes checkpoint for critical cell size associated with START. (data not shown).
Cell size controls are more complex in multicellular eukaryotes. C. elegans larvae, for example, increase about 100-fold in volume from hatch to adult. Cellular CUL-1 Is Required in All Nematode Tissues CUL-1, provided maternally or zygotically, is likely reenlargement accounts for some of this increase, but most tissues sustain their growth through cell division quired in all dividing tissues. cul-1(ϩ) activity is first required during germline proliferation. Assuming it acts and polyploidization (Sulston and Horvitz, 1977; Kimble and White, 1981; Hedgecock and White, 1985) . There cell autonomously to control cell size, germ cells must begin expressing cul-1 mRNA and protein no later than are three basic patterns of cell size control. First, blasts (e.g., sex myoblast) as well as postmitotic cells (e.g., the L2 stage. The gradual rise in cul-1 mRNA levels with increasing age could reflect the relative expansion of CAN) can undergo periods of sustained growth without cell division. As a consequence, these cells become the germline in older larvae ( Figure 5A ). By adult stage, larger. Conversely, blasts (e.g., Q neuroblast) can unthe separation of yeasts and animals, both may be represented in all modern eukaryotes. cullin C is a distant, dergo repeated, rapid cleavages with little or no cell growth between divisions. As a consequence, these outlying member of the cullin gene family, and thus far, no orthologs have been found in higher eukaryotes (data cells become successively smaller. The overall cell division cycle of these cleavages requires only 2 hr and not shown).
Based upon statistical sampling of EST libraries, the presumably has only a perfunctory G1 phase. Finally, like cultured cells and unicellular eukaryotes, germline human cullins, excepting Hs-cul-5, are expressed at high levels in a wide variety of tissues. By inference, any cells grow continuously, dividing about every 5 hr as they double their volume. As a consequence, these cells additional cullins must be expressed at lower levels than these five genes, or in restricted tissues and developremain a constant size.
cul-1 is required for proper cell size regulation. In the mental stages. Indeed, VACM-1, a rabbit ortholog of Hscul-5, is expressed at high levels in kidney collecting absence of cul-1 function, germline cells are 20%-30% smaller than normal. Similarly, somatic blast cells untubules but not other tissues examined (BurnatowskaHledin et al., 1995) . VACM-1 was isolated in an assay for dergo additional cleavage-like divisions to produce cells significantly smaller than normal, e.g., V5pa descendcDNAs that render frog oocytes responsive to argininevasopressin (Burnatowska-Hledin et al., 1995) . These ents in cul-1 larvae are 20% smaller on average than PDEso, their smallest counterpart in wild type.
authors report that cells expressing the full-length cullin, or just its C-terminal third, can mobilize intracellular Ca 2ϩ in response to applied vasopressin. They speculate that Role of CUL-1 in Cell Cycle Regulation VACM-1 might form a novel vasopressin receptor on cul-1 is required for G1 transitions to either G0 or the the cell surface, but our observations suggest that all apoptotic pathway. In cul-1 mutants, cells of diverse cullins, including VACM-1, likely act intracellularly. First, tissue types fail to generate or respond to the normal cullins generally, and VACM-1 particularly, have neither developmental signals for cell cycle exit or programmed a signal peptide nor membrane-spanning domain. Seccell death. Directly or indirectly, the protein CUL-1 must ond, consistent with this absence of secretory signals, decrease the level or activity of the G1 cyclin-CDK comepitope-tagged CUL-1 is a cytosolic protein (data not plexes that regulate G1 progression (Nigg, 1995) . This shown). might be accomplished through actions on the holoenThe conservation of primary structure among the culzymes or subunits themselves, or by increasing the level lins suggests that they share a common biochemical or activity of CKIs that inhibit these enzymes. Both altermechanism. There are several possible explanations, natives have precedents. First, the abnormally small none mutually exclusive, for the diversity of cullin genes cells in cul-1 mutants are reminiscent of yeast mutants in higher eukaryotes. First, some cullins (e.g., VACM-1) with elevated G1 cyclin levels resulting from disruption might be stage-or tissue-specific variants (Burnatowof cyclin degradation. In S. cerevisiae, for example, Cln2 ska- Hledin et al., 1995) . However, the other cullin RNAs or Cln3 mutants lacking the C-terminal PEST regions are broadly, if not ubiquitously distributed in human tisrequired for regulated proteolysis, have accelerated G1
sues. Similarly, cul-1 through cul-4 mRNAs are exprogression, usually with compensatory increases in the pressed throughout nematode development; and morelength of S and G2 phases, and are up to 40% smaller over, cul-1 mutations affect all tissues and stages. size than wild type (Cross, 1988; Nash et al., 1988; Had- Second, like the cyclins themselves, each cullin might wiger et al., 1989). Like cul-1, moreover, these yeast have an analogous function, but at a distinct phase of mutants are refractory to normal signals for G1 arrest, the cell division cycle. Finally, from the proposed role e.g. mating pheromone or nutrient starvation. In mamof VACM-1 in vasopressin signaling, some cullins could malian cells, overexpression of G1 cyclins leads to a be required in cellular, developmental or physiological similar acceleration of G1 progression and decrease in regulatory mechanisms quite unrelated to the cell cycle cell size (Ohtsubo and Roberts, 1993; Quelle et al., 1993;  progression. It will be important to examine mutants Resnitzky et al., 1994) . Conversely, in both yeast and in other cullin genes to determine the scope of cullinmammalian cells, G1-to-G0 transitions have been assodependent regulation. Finally, mutations that inactivate ciated with expression of specific CKIs to inhibit G1 cul-1 in dividing cells could cause clonal expansion, cyclin-CDK complexes (see Elledge and Harper, 1994;  contributing to tumor progression. It may be useful to Sherr and Roberts, 1995) . survey human tumors for possible mutations in Hscul-1 and the other cullin genes.
Evolution of the Cullin Family Experimental Procedures
The cullin gene family has five known members in C. elegans, six in H. sapiens, and three in S. cerevisiae.
Genetic Analysis
Parsimony analysis suggests that five branches of the main branches of the cullin family evidently arose before Living embryos and larvae were examined using DIC microscopy et al., 1991 DIC microscopy et al., , 1992 . For both C. elegans and human cullins, cDNA sequences were completed on both strands. (Sulston and Horvitz, 1977; Sulston et al., 1983) . Cell lineages of the lateral hypodermoblasts were followed continuously, while most To obtain RNA samples from various developmental stages, eggs were first purified from a mixed stage culture by sodium hypochlorite other tissues were examined only at fixed developmental stages. For each tissue and stage described, at least six cul-1 larvae were treatment (Sulston and Hodgkin, 1988) . A portion of these embryos were kept as a sample, while the remainder were incubated in M9 subjected to detailed phenotypic observation (including the identification of blast cells and progeny to determine the onset of initial buffer (Sulston and Hodgkin, 1988) , supplemented with 5 g/ml cholesterol, for 18 hr to allow hatching. These synchronized larvae cell division and to document hyperplasia). To measure the lengths of each larval stage, we examined larvae once every 20 min for were transferred to bacterial lawns to resume their development, and then harvested after 7 hr (L1), 21 hr (L2), 30 hr (L3), 39.5 hr (L4), lethargus and ecdysis (Singh and Sulston, 1978) . To calculate relative cell volumes, the diameters of neuronal cell bodies were meaor 45.5 hr (pregravid adult). At harvest, >95% of the animals were at the designated stage. RNA was extracted by vortexing animals sured using clr-1 (e1756hs) to reveal cell boundaries (Hedgecock et al., 1990) .
for 10 min in equal volumes of quartz sand (Sigma) and Tri-Reagent (Molecular Research Center). For Northern blots, 25 g of RNA was To estimate cell numbers, individual embryos were squashed between a polylysine-treated microscope slide and a siliconized covloaded per lane.
32
P-labeled cDNA probes were prepared by the random-primer method. An Instant Imager (Packard Inc.) was used erslip, and then frozen on dry ice. After removing the coverslips, each slide was fixed for 4 min each at Ϫ20ЊC in methanol followed to quantitate individual bands. by acetone, and then allowed to air dry. DNA was stained with 1 g/ml Hoechst 33258 in phosphate-buffered saline. Total numbers
